Liquid-ordered phases are one of two biochemically active membrane states, which until now were thought to be a unique consequence of the interactions between eukaryotic membrane lipids. The formation of a liquid-ordered phase depends crucially on the ordering properties of sterols. However, it is not known whether this capacity exists in organisms that lack sterols, such as bacteria. We show that diplopterol, the simplest bacterial hopanoid, has similar properties and that hopanoids are bacterial "sterol surrogates" with the ability to order saturated lipids and to form a liquid-ordered phase in model membranes. These observations suggest that the evolution of an ordered biochemically active liquid membrane could have evolved before the oxygenation of Earth's surface and the emergence of sterols.
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lipid order | polycyclic isoprenoids | bacterial membrane organization | membrane phase evolution | organic geochemistry T he capacity for sterols to modulate the ordering of lipids forms the basis for a membrane organizing principle in eukaryotes (1) . The emergence of sterol-like ordering was likely a critical step in the evolution of biological membranes, allowing cells to control fluidity without compromising membrane integrity and providing a means to compartmentalize membranes into functional domains (2-4). It is not known, however, to what extent such membrane-ordering properties span the domains of life. Prokaryotes generally lack sterols; however, some bacteria produce hopanoids (5, 6) , which are structurally similar ( Fig. 1A ) (7) , and their cyclization is catalyzed by related enzymes (8) . These similarities inspired the hypothesis that hopanoids are bacterial sterol surrogates (9) and led us to examine whether hopanoids might share the properties of sterols in membranes.
Results and Discussion
Effects of Cholesterol and Diplopterol on the Phase Behavior and Ordering of Sphingomyelin in Model Membranes. Sterols and sphingolipids are closely associated in eukaryotic membranes, and the nature of their interactions has been extensively characterized. Therefore, we chose to test whether diplopterol behaves similarly to cholesterol in this well-defined system. Sterols interact with sphingolipids in vitro to form a liquid-ordered (L o ) phase that represents a thermodynamic intermediate between liquid-disordered (L d ) and crystalline gel phases (Fig. 1B) (10) . The interactions leading to the formation of a L o phase derive from the ability of sterols to simultaneously inhibit the formation of the gel phase (by intercalating between sphingolipids and preventing their crystallization) and to order saturated acyl chains. To test whether these properties are also exhibited by hopanoids, we examined the effect of diplopterol on N-stearoyl-D-erythro-sphingosylphosphorylcholine (SM; Fig. S1 ), a synthetic sphingolipid.
Monolayer experiments provide an approach to study the gelliquid phase transition of SM. Lipids are spread out over an airwater interface to form a monolayer and lateral pressure (measured as surface tension) is measured while the area of the monolayer is decreased. The measurements are depicted as an isothermal plot of pressure versus mean molecular area (MMA; Å 2 /molecule) of the lipid mixture ( Fig. 2A) . Lipids such as SM that form a gel phase at physiological temperatures show a characteristic inflection point in the isotherm plot, which reflects a sharp phase transition from liquid to gel phase. This phase transition is eliminated in the presence of cholesterol ( Fig. 2A) . We observed the same effect of diplopterol on SM ( Fig. 2A) , demonstrating a shared ability to inhibit gel phase formation.
To determine whether diplopterol shares an ability with cholesterol to order SM, we measured ordering by 6-dodecanoyl-2-methylcarboxymethylaminonaphthalene (C-laurdan) spectroscopy. C-laurdan is a lipophilic fluorescent probe with a bimodal emission spectrum that shifts in response to the degree of hydration of the membrane. The generalized polarization (GP) index calculated from C-laurdan emission spectra is correlated with lipid order (11) . We calculated the ordering effect of cholesterol or diplopterol as the difference in the GP index (ΔGP) of liposomal membranes containing pure SM and mixtures containing cholesterol or diplopterol. Measurements were made above the gel-liquid transition temperature of SM to ensure that we were observing an ordering effect on bilayers in a liquid state and not a fluidizing effect on gel phase bilayers. Our results indicate that diplopterol exhibits an ordering effect on SM comparable to the effect of cholesterol (Fig. 2B ). This result is further corroborated by monolayer experiments in which the observed MMA of mixtures containing cholesterol or diplopterol with SM was less than the MMA predicted from the sum of the individual components, indicating a energetically favorable condensing interaction ( Fig. 2A) . Interestingly, compared with cholesterol, diplopterol exhibits a weak ordering effect on lipids containing unsaturated acyl chains (Figs. S2 and S3).
Cholesterol and Diplopterol Interact with Sphingomyelin to Form a L o
Phase in Giant Unilamellar Vesicles. Having demonstrated a shared ability for diplopterol and cholesterol to inhibit gel phase formation and order SM, we directly assayed whether diplopterol induces the formation of a L o phase. In model systems composed of synthetic lipids SM and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Fig. S1 ), cholesterol induces the formation of two immiscible liquid phases: a L o enriched in SM and sterol and a L d enriched in DOPC (12) . We investigated the coexistence of L o and L d phases in giant unilamellar vesicles (GUVs) by using C-laurdan microscopy. Mixtures containing SM/DOPC and either cholesterol or diplopterol yielded phase-separated GUVs with ordered and disordered phases ( Fig. 3 A and B) , suggesting that the hopanoid ring structure is capable of inducing phase separation. The relative order (e.g., C-laurdan GP) of GUVs comprised of SM/cholesterol and SM/diplopterol were roughly equal, and within the range characteristic of L o bilayers ( Fig. 3 A and B) (13) . By comparison, the GP of DOPC GUVs was
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The authors declare no conflict of interest. negative, indicating a L d membrane. These observations were confirmed by quantifying the diffusivities of the membranes by fluorescence correlation spectroscopy. The diffusivity of Atto532-labeled sphingomyelin in GUVs containing cholesterol or diplopterol with SM was identical and nearly an order of magnitude slower than for DOPC GUVs (Fig. 3C ). These results demonstrate that diplopterol is capable of interacting with SM to form a L o phase with order and fluidity that are essentially identical to the cholesterol-SM L o phase.
Cholesterol and Diplopterol Modulate the Order and Phase Behavior
of Lipid A in Model Membranes. Thus, we now have evidence that diplopterol and cholesterol share a conserved ability to order saturated lipids and to promote the formation of a L o phase while preventing the formation of a gel phase. The physiological relevance of this property in bacteria, however, remains unaddressed. The cellular abundance of hopanoids in bacteria varies by nearly two orders of magnitude between organisms (6) and approaches roughly 50% of the lipid content of some bacteria (14) . We observed that the ordering effect of diplopterol was apparent at molar concentrations as low as 5% (Fig. S4) , indicating that hopanoids could play a role in membrane ordering at physiologically relevant abundances.
Hopanoids in bacteria have been observed in the outer membranes (15) (16) (17) , where lipid A is the major component of the extracellular leaflet of the bilayer (18) . This lipid bears several structural similarities to SM, including amide-linked saturated acyl chains and hydroxylations (Fig. 4A ). This similarity led us to conjecture that diplopterol could also affect lipid A-containing membranes. It was demonstrated that lipid A undergoes a pH-dependent change in order, becoming less fluid at lower pH and approaching a gel state (19) . Such extreme pH-induced changes in ordering of lipid A could be detrimental to the integrity and biochemical functionality of the bacterial outer membrane. Indeed, two recent studies showed that mutants of hopanoid-producing bacteria with disrupted hopanoid synthesis exhibited retarded growth at low pH (20, 21) . We therefore tested the possibility that hopanoids play a role in modulating the order of lipid A in response to changing pH.
To determine whether diplopterol or cholesterol could influence the pH-induced phase transition of lipid A, we examined their effect on synthetic Di[3-deoxy-D-manno-octulosonyl]-lipid A (kdo-lipid A; Fig. 4A ) in monolayers at neutral and acidic pH. At pH 7.4, kdo-lipid A yielded a monotonically increasing change in surface pressure with decreasing molecular area, demonstrating that it is in a fluid state with no phase transition occurring (Fig.  4B) . As predicted, at pH 5 and 3, we observed the emergence of a phase transition, indentified by a "shelf" in the isotherms (Fig.  4B ). The addition of diplopterol or cholesterol eliminated this phase transition. Additionally, both of these lipids exhibited a condensing effect on kdo-lipid A (Fig. 4B) , consistent with our previous results demonstrating their ability to condense SM. Together, these observations indicate that both diplopterol and cholesterol are capable of simultaneously condensing lipid A and inhibiting its gel phase formation, thus buffering the effects of low pH on lipid A.
Finally, we measured the order of kdo-lipid A-containing membranes by using C-laurdan spectroscopy. At pH 7, liposomes comprised of kdo-lipid A alone were less ordered than with either diplopterol or cholesterol, and values of the latter two mixtures were within the range expected for L o membranes (Fig.  4C) . Thus, in terms of order, lipid A/diplopterol membranes at neutral pH are analogous to SM/cholesterol membranes. At pH 5.1 and 3.1, the GP of pure lipid A in comparison with pH 7 increased to ∼0.4 and 0.6, respectively, indicating increasing membrane order. However, the lipid A mixtures with diplopterol and cholesterol exhibited a smaller change in the GP. These results again demonstrate that diplopterol and cholesterol have the ability to moderate pH-induced changes in ordering. This capability of hopanoids could play a key role in modulating the ordering of the outer membrane of hopanoid-producing bacteria in environments with variable pH and could explain the prominence of hopanoids in bacteria that live in acidic environments (5, 6, 22) , environments that experience large pH shifts such as soils (23, 24) , and the rarity of hopanoids in pH-buffered environments such as the oceans (25) (26) (27) . It may also explain the previously mentioned sensitivity of hopanoid deficient mutants to low pH (20, 21) .
Concluding Comments. Here, we demonstrate that the hopanoid ring structure, like the sterol ring structure, is capable of interacting with saturated lipids to form a L o phase and to modulate the order of lipid A. The similarities between hopanoids and sterols were first considered more than 30 y ago by pioneers in the field (7), and they were subsequently dubbed as "bacterial sterol surrogates" (9) . However, the significance of the L o phase as a unique product of lipid ordering and the biological implications of the L o phase for membrane organization were not known at that time. The ordering properties of hopanoids in some bacteria could potentially confer the ability to subcompartmentalize their membranes into functional domains (28) . Evidence for lipid-dependent functional domains has been reported for Bacillus subtilis (29) , and there is evidence for lateral membrane heterogeneity in Gloeobacter violaceus (30), a hopanoid-producing cyanobacterium. Interestingly, it has been suggested that the averaged order of eukaryotic plasma membranes and bacterial inner membranes lacking hopanoids converge (31) . These studies imply that bacteria that lack hopanoids may use alternate mechanisms for achieving lateral heterogeneity and modulating membrane order.
Because the biosynthesis of hopanoids does not require molecular oxygen (32) (33) (34) (35) , our results demonstrate that the capacity to order membranes could have preceded the emergence of free oxygen on Earth's surface. Furthermore, the shared ability of hopanoids and sterols to mediate L o phase formation suggests that this property might be a conserved feature of all membrane polycyclic isoprenoids. This possibility prompts the need to extend our observations to other hopanoids (such as the bacteriohopanepolyols) and other cyclic lipids including tetrahymanol. If ordering and the promotion of coexisting liquid phases are conserved properties of these lipids, the invention of isoprenoidal cylcase enzymes could mark an important event in the evolution of biological complexity: the evolution of a second biochemically active liquid membrane phase and the ability to regulate membrane order by decoupling lipid lateral diffusivity from acyl chain freedom of motion.
Materials and Methods
Materials. SM, kdo-lipid A, DPPC, POPC, DPPC, DPPG, POPG, DOPG, and cholesterol were purchased from Avanti Polar Lipids. Diplopterol was purchased from Chiron. Atto532 labeled sphingomyelin was purchased from AttoTech. C-laurdan was a gift from B. R. Cho (Department of Chemistry and Center for Electro-and Photo-Responsive Molecules, Korea University, Seoul, Korea). Stock concentrations of lipids were measured by phosphate assay. Cholesterol and diplopterol were weighed out on a precision scale and solubilized in a known volume of chloroform/methanol (2:1).
Monolayers. Monolayers were prepared as described (36) . Briefly, chloroform/methanol (2:1) solutions of pure lipids and mixtures were prepared at 0.5 mg/mL lipid concentrations. Monolayers were prepared by injecting 10-20 µL of lipid solution onto an aqueous subphase maintained at 25°C by a built-in water jacket supplied by a temperature controlled circulating water bath. The subphase was comprised of 150 mM NaCl, 3.3 mM sodium The MMAs for each mixture were estimated from the averages of isotherms from three monolayers that were prepared independently. The theoretical mean area per molecule (lipid) for each mixture was calculated as follows:
where A i = MMA of the mixture, X 1 , X 2 = the mole fraction of lipid 1 and 2, and A 1 ,A 2 = the MMAs of lipid 1 and 2 at surface pressures 5, 10, 15, 20, and 25 mN/m. The percent change in molecular area (condensation effect) was calculated as follows:
where c = % condensation, A o = the observed MMA at 5, 10, 15, 20, and 25 mN/m, and A i = the theoretical MMA of the two lipids.
Preparation of Liposomes and C-Laurdan Spectroscopy. Lipids in 2:1 chloroform/methanol were mixed and dried under vacuum for 4 h. Lipids were then hydrated in HBS (50 mM Hepes, 150 mM NaCl, and 0.2 mM EDTA at pH 7.2) at 68°C for 20 min. The resulting liposomes were subjected to 10 freeze-thaw cycles, followed by sonication for 5 min to promote formation of unilamellar membranes. Bilayer formation was confirmed in unlabeled liposomes by the presence an emission peak at 425 nm (λ ex = 385 nm) (37) . Liposome preparations containing 200 μM lipid were stained with 100 nM C-laurdan and incubated at room temperature for 20 min to equilibrate. Liposomes of each mixture were independently mixed and prepared in triplicate. Spectra were recorded with 1-nm resolution on a Fluoromax-3 fluorescence spectrometer (Horriba) with temperature maintained at either 25 or 50°C by a temperature controlled circulating water bath. Excitation of C-laurdan was 385 nm. Spectra were recorded from triplicate preparations of each mixture and averaged. The GP values for C-laurdan were calculated from two emission bands 400-460 nm (Ch1) and 470-530 nm (Ch2) according to equation 1 from Parassassi et al. (11) :
Preparation of GUVs. GUVs were prepared according to Bacia et al. (12) . Briefly, lipids and fluorescent probes were mixed in chloroform/methanol 2:1 to achieve 1 mg/mL lipid concentration. Five microliters of lipid mixture was deposited on two platinum electrodes and dried under vacuum for 1 h. Dried lipids were electroswelled in 300 mM sucrose at 2 V and 10 Hz for 2 h followed by 2 Hz for 30 min. Electroswelling was performed at 68°C. After cooling, GUVs for C-laurdan microscopy were stained with 100 nM C-laurdan and incubated at room temperature for 20 min to equilibrate.
Two-Photon Fluorescence Microscopy. C-laurdan spectra were measured on GUVs by two-photon confocal fluorescence microscopy by using the same instrumentation and methodology as described by Kaiser et al. (13) . Images were recorded on a Bio-Rad two-photon setup with a Mira 2000 two-photon laser by using a ×60WI objective (NA 1.2). C-laurdan was excited at 800 nm, and the mission was captured by using 425/50 (Ch1-low λ) and 525/70 (Ch1-high λ) filters. Microscopy was performed at 22°C. Image processing and analysis were performed with Matlab (Mathworks) as described by Kaiser et al. (13) . For each GUV, three areas were chosen per phase and averaged. Measurements from four GUVs were averaged and SDs calculated.
Fluorescence Correlation Spectroscopy (FCS)
. FCS experiments were carried out as described (38, 39) . Briefly, the FCS focal spot was placed either on the top or the bottom of the GUVs. The maximum intensity was found by moving the focal volume up and down slightly, which ensures that membrane is at the center of the focal spot. Atto532-labeled sphingomyelin (AttoTech) was used as the membrane fluorescent probe. A 543-nm laser was used to excite the fluorescent lipid analog, and band pass 560-615 was used to collect the emission. Measurements were done at least on five different vesicles. Diffusion times were obtained by fitting the autocorrelation curves with a 2D one-component diffusion model:
